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Summary

An experimental ranging system has been
constructed utilizing the ruby laser of T. H. Maiman.
When excited by a xenon flash tybe the ruby laser
cmits a pulse of red light (6943A) of high spectral
purity. The beam emanating from the laser is
alrcady quite well collimated, With the addition
of a telescope an extremely narrow beam of 0. 4

‘milliradians is obtained. This light is reflected

{rom a target and the return signal collected on a
photomultiplier by means of another telescope.
Spectral filteving provides discrimination against
unwanted optical signals. Both transmitted and
reflected signals are displayed on a dual beam
oscilloscope and range is calculated from the dis-
placement of the traces.

Ranging was successfully accomplished at
3000 meters in broad daylight and at 11,200 meters
at night. Calculations have been made to establish
limiting factors and to indicate ways of improving
performance.

Introduction

Among the many potential applications of
the solid state laser, a ranging system appcars to
be one of the most promising. In F\I:dfl' to exploit
the achiecvement of an operating lasé'."‘\'\z in this
direction, an effort was undertaken to .. "d an
experimental ranging system (radar) utilizing a
ruby laser, together with components and tech-
niques which were readily available. In addition,
the question has also been studied, what can be
done with lasers and auxiliary components speci-~
fically developed and matched for this application ?
The purpose of this paper is to report on the
achievement of a rudimentary ranging device with
a minimum developmental effort and to indicate
briefly the theoretical examination of the possibil-
ities and limitations of more sophisticated and
better designed systems. The first part of this
paper is devoted to the description of the system
as it was actually built and tested; this is then fol-
lowed by a resume of the performance data and
finally by discussions of theoretical and speculative
nature concerning laser ranging systems to be built
in the future. .

Organization of the System

The transmitter of the laser ranging system
is a ruby crystal with linear dimensions of the
order of an inch. The ruby is driven by a pulse of
white light from a xenon flash tube. The crystal
itself acts as a highly directive radiator. Aiming
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of the beam is accomplished by oricating the crys-
tal in the proper direction. When the natural col-
limation of the laser beam is inadequate, a lens
system or telescope is added to decreasec the
beamwidth,

Light reflected from the target is gathered
by a telescope and then detected by a photomulti-
plier tube, which converts the light into an clec-
trical signal. This signal is then displayed on the
screen of an oscilloscope which also display:. a
sample of the transmitted signal., Range is deter-
mined from the displacement of the roceived sig-
nal with respect to the transmitted one, A block
diagram of the system is given in Fig. 1. In addi-
tion to the elements shown in Fig. 1, there is an
optical filter incorporated in the telescope. The
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Fig. 1. Block diagram of system.

purpose of the filter is to provide discrimination
against light not originating in the iaser. This is
essential in order to exploit one of the principal
features of the laser, the concentration of energy
in a very narrow spectral regicn.

The Components

The key element of the system is the ruby
laser whose principal characteristics are tabulated
below.
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Laser Characteristics

Energy input per pulse 1200 joules

300-2000 watts

4.321 x 10'* cpa

6943 x 1078 cm

Pcak optical power output
Frequencey, f
Wavelength, X\
Wavelength band A <0.1x10" % cm

Width of radiated beam: .
12 milliradians (0. 7°)
0. 4 milliradians (1.4')

Laser alone

With telescope

Fig. 2 is a photograph of the laser which was con-
structed for this experiment by T. Maiman, who
was responsible for the first operating ruby laser.!
The crystal is surrounded by a xenon flash tube

A ——

Fig. 2. Ruby laser.

capable of generating an intense flash of essenti-
ally white light. The flash is produced by dis-
c¢harging a capacitor banl of 2000 uf charged to
about 1350 volis; it lasts about | msce, The emis=
sion of coherent radiation from the ruby begins a
few hundred microscconds aftcr the onset of the
flash. The intensity of the emitted light is a very
irregular function of time as shown in Fig. 3. Op-
tical power output was measured with a diode-
connected 6217 photomultiplier which had been
calibrated by comparison, at 69438, with a stand-
ard thermopile.

Idecal lascrs should eventually provide ex-
tremecely well collimated output beams (~107° ra-
dians). Because the beamwidth of the ruby laser
used here is 12 milliradians, most of the experi-
ments were conducted with a 6-inch reflecting
telescope which provides an angular demagnifica~
tion factor of 34, The 0.4 milliradian beamwidth
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Fig. 3. Laser output. The upper trace gives
laser output intensity versus time; th
lower trace shows the output of the

pumping xenon flash lamp.

of the system was measured by observing the
diameter of the spot (7 ft) at 3. 4 miles.

A time reference for range measauremer
is established by sampling the laser cutput. Tt
is accomplished by the use of a partialiy reflect
glass plate and a photocell with red Wratten anc
neutral density filters.

Light is gathered in the receiver by a re
atively large aperture telescope (5-.:cn diamet:
area of aperture = 0. 012¢ m%, £/2.5). The ligl
is filtered and then directed onto the cathode of
In order to obtain good dis
crimination against noise, a narrow band optica
filter must be used. This requires an interfere
filter which has certain peculiarities which infli
ence the design of the telescope optics. Interfe
ence filters must be operated near normal inci-
dence; the rays mustbe nearly parallelat the pla
of the insertion of the filter. Morcovur, the av:
able interference filters arce relativaly small in
area. Finally, while their passbant 18 narrow,
interference filters provide only about 36 db dis
crimination against unwanted racistion, [t is
shown in Fig. 4 that a combination of two lense:
is used to reduce the cross section of the beam
light without changing the parallelismn of the ray
and the interference filter is inserted in the nar
row beam. To enhance rejection of light in cer
tain undesirable spectral regions beyond the 30-
capability of the interference filter, a broadban
Wratten filter i also inscrted. It is placed int
region where the rays are convergoent because tl
angle of incidence is not critical in this case. /
field stop in the commou iocal pliac of the two
lenses serves to limit the solid angle from whic
light is permitted to fall on the rcoeiver. This
adjustable from 1 to 20 milljradia a beamwid
of 2.5 milliradians (5 x 10°° steradians) was {r«
quently employed.
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the signal received. Range is calculated from the

PHOTOMULTIPLIER displacement of the peaks of the received signal
-~ -INTERFERENCE FILTER with respect to those of the transmitted onc.
~COLLIMATOR LENS
OBJECTIVE LENS—- The general appearance of the system is
j shown in Fig. 6.
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Fig. 4. Photomultiplier receiver.
*

Conversion of light to electric signal is
accomplished by means of an RCA 6217 photo-
multiplicr. As it is secn from Fig. 5, the sensi-
tivity of this tube is still very low for the operat-
ing wavelength of 6943 A. The much higher sensi-
tivity for radiation of higher frequencies is one of
the principal reasons for the inadequacy of a 30-db
interfercnce filter. Dark current in the photo-
multiplier consists of spikes inthe output occurring
at an average rate of 2500 per second. For a re- .
ceiver operating with a quantum efficiency of 0.01, I
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such an outfut is equivalent to an input illumination e
of 7 x 10-12 watt at the wavelength of 6943 Z. This
is the noise equivalent power input of the receiver. Fig. 6. Experimental laser ranging system.
100 Performance
o /\ The first significant ranging experiments
- 80 were conducted in broad daylight against the white
S stucco wall of a building at 1200 meters (3/4mile).
z The lower trace in Fig. 7 shows a sampiing of the
o 60 transmitted signal, the upper trace the return sig-
i / nal. The record contains only a short section of
i
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Fig. 5. Response of the RCA 6217 photomultiplier.

Immediately behind the phototube is a pre-
amplificr. Its output is fed into the dual beam
oscilloscope which is used as the range measuring Fig. 7. Ranging return at 1200 metary (3/4mile)

instrument. The sweep is triggered simultaneously in full sunlight. Note the 8-pscc delay be-~
with the laser output. One of the beams records tween transmitted (lower) and received
the sampling of the transmitted signal, the other (upper) signals. L
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the burst which lasts of the order of a millisccond,
One can casily pick out the peaks of the transmit=
ted sipnal and note the lateral displacement neces=
sary to bring the pecaks into coincidence. This
delay corresponds to 8 psec, from which figure
the distance of 1200 meters is readily calculated.
To demonstrate the accuracy of the coincidence of
the transmitted and received patterns the record
shown in Fig. 7 has been cut and the lower part
translated to the right by a distance corresponding
to 8 ysec. The slightly retouched composite pho-
topraph is shown in Fig., 8. Further daytime
ranging experiments were conducted against a
small rocky bluff 3000 meters away. Althoughthe
photographs are not particularly suitable for re-
production the range could be consistently and
accuratcly calculated.

i : ;3

1 A R
ALU}}» NS u\;bﬂdg
W ol

Fig. 8. Fig. 7 translated to bring peaks into
coincidence. The photograph has been
retouched.

At night a "Scotchlite' white target of 3,0
m pgeometric cross section was set up at first at
5500 meters (3. 4 miles). Tracings were obtained
which are readily interpreted and consistent values
of the range can be calculated. Similar results
were obtained using the side of a garage as a tar-
get. The experiments were repeated at night at a
distance of 11,200 meters (7 miles); the resnlts
were unambiguous and consistent with the distances
obtained from maps.

The preceding experiments were performed
with the laser at room temperature. ‘When, fol-
lowing a suggestion by R.J. Collins, ° the laser
was cooled by cold nitrogen boiled from the liquid
state, significant improvements of the laser out-
put were obtained. With the laser at a tempera-
ture of around 210°K, the peak power output in-
creased to about 2000 watts from 600 watts at
room temperature. The character of the envelope
of oscillations also changed; the onset of radiation
became more definite and the large intensity fluc-
tuations were substantially reduced. In this con~
dition, as shown in Fig. 9, the leading edge of the
pulse was sufficiently definite to provide range
information at night at 7 miles range.
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. Fig. 9. Ranging return at 11, 200 meters
(7. 0 mile) with cooled laser,

There i8 no doubt that the performance of
laser ranging systems can be further increased
even without radical alteration of the scheme de-
scribed here. These improvements will be dis-
cussed in conjunction with the presentation of the
theory of the system.

Theor}r

The principleg employed in range calcula-
tions for microwave radar are applicable to optical
Tadar as well. The detectability of an object de~
pends on the signal-to-noise ratio at the receiver,
and the minimum acceptable value of this ratio is
somewhere between one and ten, depending on the
pulse repetition rate and on the nature of the in-
formation to be derived from the radar data.

The signal returned from an isotropically
scattering, completely illurninated target is given
by the familiar radar formula

§ = —iay (1)
167“R

where P is the power radiated, G the radiator
gain, A, the area of the receiver, ¢ the equiva-
lent target cross section and R the range. Here
we assume that no significant absorption or scat-
tering takes place in the atmosphere so that the
attenuation of the signal is solely due to its spread-
ing. With this simplifying assumption the princi-
pal difference between the microwave and the op-
tical radar in this respect is the magnitude of the
antenna gain which can be achieved conveniently.
Diffraction sets a well known limit to the gain in
terms of antenna dimensions expressed in wave-
length, namely G<4wAt/x2. While a microwave
antenna whose gain is in the thousands is usually
sizable; the gain of an optical antenna whose area
is comparable to the end of a pencil could be a few
hundred millions. For various reasons this high
theoretical limit is not achieved in actual lasers.
The laser in our experiment had a bearmnwidth of
about 12 milliradians, and this corresponds to a
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gain of 110, 000; about one hundred times this gain
is obtainable from a ruby laser alrecady reported
i the literature., With the telescope added in
iront of our laser we have increased the radiator
eon to 100 million which is still short of the ulti-
mate attainables Thuns with the typical values for
onr system ol P 10° watts, o = 2m&, A =
1.20 x 107 m%, we caleulate S = 1,6 x 109 wat
at a distance of 10" meters.

The noise which competes with the signal
to be detected originates in part within the receiv-
er, in part on the outside. It is an agreggate of
random phenomena which may be classified as
follows:

A) Dark current noise. This is the result
of random phenomena within the receiver which
talke place without reference to incident light.

B) Kxternal noise, This is the resualt of
the variation in illuinination duc to other sources
of light and the scattering of laser light from ob-
jects other than the target.

C) Shot noise. This is the result of ran-
dom phenomena within the receiver which depend
on the total illumination of the receiver.

In order that a proper comparison be made
between signal and noise, it is necessary to cal-
culate the input signal intensity which would cause
an output equivalent to the noise output in question.
This is called the noise equivalent power.

The dark current noise of our photomulti-
plier was equivalent to an input of 7 x 10-12 watt
of light at the wavelength of the ruby laser. It
could be reduced drastically by cooling the photo-
multiplier but this was not done because the dark
current noise was not a limiting factor of perform-
ance

Spectral filtering in the telescope eliminates
most illumination which originates from other
sources than the laser itself. The fraction of such
light incident on the photomultiplier is proportion-
al to the bandwidth of the filter. For reasons of
availability, a spectral filter with a 20-A trans-
mission band was used. Actually, the pass band
of the filter need only be a little wider than the
laser linewidth; therefore considerable improve-
ment can be achieved by employing a narrower
filter. * Filtering does not prevent laser light
scattered by the atmosphere from interfering with
ranging. As long as ranging is not performed by
an isolated short pulse, but by an irregular se-
quence of pulses persisting over a fewhundred
microseconds, atmospheric scattering at close
range may be a serious source of noise. Itrequires
physical separation of transmitter and receiver so
that the intense radiation immediately in front of
the radiator does not find its way intothe receiver.
Ilowever, it is possible to shorten the transmitted

*Optimum spectral filters are barely adequate for
the ruby laser used here. As will be mentioned
later, new techniques, such as optical hetero-
dyning, will be required to match the extremely
narrow linewidth generators that are in the offing.
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pulsc by employing a Kerr cell, or by shutting off
the excitation more rapidly.

Sunlight scattered from the target, [rom
itn environment and {rom atmospheric particlen is
the limiting factor for daytime perforinance be-
causce of the ahol noise it penerates onthe receiver,
The ficld of view of the receiver is normally wide
enough to admit light [rom objects surroundingthe
target. The light incident ona surface clement da,
from an object which radiates according to Lam-
bert's law and which subtends a solid angle d@
at the receiver, is

W,
—X dada (2)
L

where W, is the total encrgy per unit surface

. radiated by the object under observation. Therefore

if the entire {ield of view of the telescope is aimed
at a uniform scatterer then the power received
from it is W, AQ/wr. Thus if the scatterer reflects
a fraction F of the incident sunlight the energy
received in the telescope is

W o= FW_ AQ/w (3)

where W is the radiation of sunlight within the
spectral passband of the filter. . The typical data
F=0.2, Wg =2 watts/m2, A =1,26x 10-2m¢,
Q=5x10"b give W =8 x 10-9 watt.

The relation between W the light incident
on the receiver and the current I in the photo-
multiplier is

1 = qgeW/hf , {4)

where h is Planck's constant and q is the quan-
tum efficiency of the photo tube for the frequency

in question. The fluctuations of I constitute the

shot current, which is

= VEIE . (5)

where A is the electrical bandwidth of the receiv-
er circuit., In our case A= 20 mc. From these
relations the equivalent incident power of the shot
noise becomes

20 WA h{ \
N T\ TT e (6

For a quantum efficiency q = 0.01 we calculate
from the above data Wpy = 1.2 x 10-9 watt which is
comparable to the signal power expected at 10
meters, Thus on a clear day in broad daylight our
system is limited by shot noise caused by reflected
sunlight.

One of the factors responsible for this high
value of the shot noise is the low quantum efficiency
of our phototube at 6943 Therefore a phototube-
laser combination with a higher quaantum efficiency
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should substantially improve performance in day-
light,

At night, when the receivingtelescope does
not look at artificial light sources or at the moon,
the shot noise is negligible. Clearly at 11,200
meters we have not rcached the limit set by the
dark current of the photomultiplicr. The actual
limits for ranging at night are probably widely
variable because of variations in atmospheric scat-
tering and because of interference of other light
sources.

‘T'osum up, significant improvements of

the present system may be obtained by the follow-
ing means: Iigher light output and more desirable
output pulse shape may be obtained by cooling and
by further laser development, Higher sclectivity
may be had by employing a narrower spectral fil-
ter. Greater sensitivity and greater discrimina-
tion against shot noise may be had by the use of a
photomuitiplier tube with greater quantum effici-
ency at the output frequency.

Far greater improvement in optical rang-
ing systems may be rcalized if advantage is taken
of the light amplification possible in some lasers,
or if techniques are developed which permit the
mixing and heterodyning of optical signals. The
technical exploitation of these phenomena has to
wait until the basic proccsses mentioned are ex-
plored beyond their present state.
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